We present the systematical decomposition results of three-dimensional (3D) fragmentation functions (FFs) from parton correlators for spin-1 hadron. We choose one of the best process e + e − → VπX to study the 3D and tensor polarization dependent FFs. By making a general kinematic analysis we show that the cross section is expressed by 81 independent structure functions, and get the results of the azimuthal and spin asymmetries. We also present the parton model results for this process and express the results in terms of the 3D FFs. Based on this formalism, we also give the numerical results of hadron longitudinal polarizations and predict the energy dependence.
I. INTRODUCTION
Parton distribution functions (PDFs) and FFs are both important inputs for describing high energy reactions. PDFs are used to describe hadron structure and the FFs describe the hadronization mechanism. They should be studied in parallel to promote our understanding of non-perturbative quantum chromodynamics (QCD). In inclusive high energy reactions, only longitudinal momentum dependent PDFs and/or FFs are involved. For describing semi-inclusive reactions, 3D or transverse momentum dependent (TMD) PDFs and/or FFs are needed to explain the phenomenon such as azimuthal asymmetries of the hadron. This will generalize our knowledge of hadron structure and hadronization mechanism to three dimensional case. See e.g. Ref. [1] for a recent brief review.
Based on the parallel talk given at the 22nd International Spin Symposium and Ref. [2] , in this proceeding we first summarize the results for 3D FFs defined via quark-quark correlator for spin-1 hadrons systematically. Then we choose the process e + e − → VπX which is one of the best places to study these 3D and tensor polarization dependent FFs. We give a general kinematical analysis of this process and get the differential cross section expression in terms of structure functions. We also present the parton model calculation results for this process in leading order perturbative QCD and up to twist-3. We get the structure functions results as well as the hadron azimuthal asymmetries and polarizations in terms of the convolution of the TMD FFs. We also present the numerical results of energy dependence of the hadron polarizations based on this formalism.
II. TMD FFS FROM QUARK-QUARK CORRELATOR
A complete parameterization for the TMD PDFs for spin-1/2 hadron can be found e.g., in [3] . Here, we summarize the results for TMD FFs of spin-1 hadron production case.
The leading contribution of the TMD quark fragmentation is defined by the TMD quark-quark correlator, i.e.,
× 0|L † (0; ∞)ψ(0)|p, S ; X p, S ; X|ψ(ξ)L(ξ; ∞)|0 , (2.1)
where k and p denote the 4-momenta of the quark and the hadron respectively, S denotes the spin of the hadron; z = p + /k + is the light-cone momentum fraction of the hadron; L(ξ; ∞) is the famous gauge link making this definition gauge invariant. The correlator satisfies hermiticity and parity conservation, which are important constraints when we decompose it. TMD FFs are obtained from Eq. (2.1) by decomposing it in two steps. First, we expandΞ (0) (z, k ⊥ ; p, S ) in terms of the Γ-matrices, i.e., (we omit the arguments for simplicity)
The corresponding coefficient functions are Lorentz scalar, pseudo-scalar, vector, axial-vector and tensor respectively. Second, we make a Lorentz structure decomposition of these coefficient functions using the available variables at hand. The coefficients are expressed as the sum of the basic Lorentz covariants multiplied by scalar functions of z and k 2 F⊥ , which are defined as TMD FFs.
Take the unpolarized part as an example. The only Lorentz scalar we can build is p 2 or the hadron mass M; no pseudoscalar can be built; we have three vectors p α , k ⊥α , n α and one axial-vectork ⊥α ≡ ε ⊥βα k β ⊥ ; three tensors p [ρk⊥α] , ε ⊥ρα and n [ρk⊥α] are available. So we can immediately write down the decomposition of the TMD FFs as
Here and in the following, we will omit the arguments (z, k ⊥ ) for the FFs for simplicity. We see that there are two leading twist TMD FFs, i.e., the number density D 1 and Collins function H
Higher twist FFs can also be defined via quark-gluon(s)-quark correlators. However, they are often not independent because of QCD equation of motion γ · D(y)ψ(y) = 0. We also refer to Ref. [2] for the complete decomposition results of the twist-3 TMD FFs from quark-gluon-quark correlator. Here, we just emphasize that a unified relationships between the twist-3 FFs defined from quark-quark and quark-gluonquark correlator can be obtained as,
for the chiral-even part and 2z(H
for the chiral-odd part. The subscript S and the superscript K denote different spin and transverse momentum dependence respectively. The contributions from the quark-gluon-quark correlator can then be replaced by using these relations.
III. KINEMATIC ANALYSIS OF
The best process for studying FFs is electron positron annihilation, because there is no initial PDFs involved. Inclusive hadron production process is the simplest case to study one dimensional FFs. In order to study transverse momentum dependence, we must go to semi-inclusive process, see e.g., [4, 5] for these discussions. To access both chiral-even and chiral-odd as well as the tensor polarization dependent FFs, the two-particle semi-inclusive e + e − -annihilation with vector meson production process as illustrated in Fig. 1 is the best choice. We consider the general weak interaction process e + e − → Z 0 → VπX. The differential cross section is given by
where L µν (l 1 , l 2 ) is the well-known leptonic tensor, and the hadronic tensors is defined as
The first step we should do is to give a general kinematic analysis for this reaction, which is to construct the general form of the hadronic tensor, and then calculate the cross section expression in terms of the structure functions.
A. General form of the hadronic tensor and cross section
The hadronic tensor in Eq. (3.2) satisfies constraints imposed by Hermiticity, current conservation. We emphasize that if we consider annihilation via virtual photon, then parity conservation is also a constraint, but it is not valid here for weak interaction. We need to construct the basic Lorentz tensors satisfy these constraints using the kinematic variables, and then decompose W µν under these basic tensors. A systematic analysis of this decomposition for double spin-1/2 hadrons production has been presented in [6] . Here, we extend the analysis to include spin-1 hadron production, and show the interesting similarities between the unpolarized and polarization dependent parts.
For the unpolarized part, the basic Lorentz tensors can only be constructed from p 1 , p 2 and q, after some careful analysis, we found that the independent basic tensors can be written as
where h's are parity conserved (P-even) tensors, whileh's are parity violated (P-odd) tensors. The superscript S or A denotes symmetric or anti-symmetric under exchange of Lorentz index, the subscript U denotes the unpolarized part. A 4-momentum p with a subscript q denotes p q ≡ p − q(p · q)/q 2 satisfying p q · q = 0, so the current conservation is manifest. Some shorthand notations are used to make the expressions more concise, e.g., a {µ (b, c) ν} means a {µ b ν} and a {µ c ν} . We see that there are 9 basic tensors in the unpolarized case.
For the vector polarization dependent part, we have
There are in total 27 S -dependent basic tensors, corresponding to 3 independent vector polarization modes. We see that they share exactly the same structures as the unpolarized part. We only need to multiply in front the spin dependent scalar or pseudoscalar.
For the tensor polarized part, they also have the same structures as the unpolarized part. For the S LL -dependent basic tensors, because S LL is a scalar, they are just given by the unpolarized tensors multiplied by S LL . Therefore, we have 9 such tensors in this case. The S LT -dependent part is given by
There are 18 such tensors in total, corresponding to the two independent S LT -components. The S T T -dependent part takes exactly the same form as the S LT -dependent part. They are given by changing S α LT to S p 2 α T T in Eq. (3.8). So we have in total 81 basic Lorentz tensors for W µν (q, p 1 , S , p 2 ), 41 of them are P-even and 40 are P-odd.
The hadronic tensor is then expressed as a sum of all these basic Lorentz tensors multiplied by corresponding coefficients, i.e.,
. The subscript σ denotes U, V, LL, LT and T T for different polarizations, and all the coefficients are real scalar functions of the Lorentz scalars
Substitute W µν (q, p 1 , S , p 2 ) into Eq. (3.1), we will get the cross section in Lorentz invariant form. Here, we write down the expressions in a special reference frame. We choose the helicity frame of V ( p 1 along positive z-direction) which is suitable for studying the vector meson polarization. We also choose center of mass frame of the leptons, with the leptonhadron plane as Oxz plane, as Fig. 2 shows. This is a particular Gottfried-Jackson frame [7] which we will refer to as "Helicity-GJ frame". In this frame, the cross section can be expressed as
For the unpolarized part, we have
10) . Among them, the 6 F U 's correspond to parity conserving terms of the cross section, while the other 3F U 's are parity odd part.
For the polarized part, since λ and S LL are just pseudoscalar and scalar, the structure functions related to them have one to one correspondence to the unpolarized part, i.e.,
The transverse polarized parts also share the similar structure as the unpolarized part, the only difference is the transverse polarization angle dependence. We just show here the parity conserved S T dependent part F T for an example, i.e.,
We see the additional polarization angle dependence due to terms of ε S qp 1 p 2 and (p 2 · S ).
B. The azimuthal asymmetries and hadron polarizations
Once we get the cross section results, we can derive physical observables such as hadron azimuthal asymmetries and polarizations straightforwardly.
For measuring azimuthal asymmetries, people often sum up the hadron polarizations, which correspond to the unpolarized hadron production case. In this case we have four azimuthal asymmetries due to the ϕ dependent terms in the cross section, i.e.,
14)
where F Ut denotes the sum of the structure functions averaged over ϕ, i.e, F Ut = (1 + cos 2 θ)F 1U + sin 2 θF 2U + cos θF 3U . We point out that the cosine-asymmetries correspond to parity conserving part, while the sine-asymmetries correspond to parity violating part which only appear in weak interaction process.
For measuring the polarization of the vector meson, we often average over the hadron azimuthal angle. In this case, we have, for the longitudinal polarization
We see that they correspond to parity violated and conserved structures respectively. For the transverse polarizations, we can measure the components with respect to the lepton-hadron plane, but a more convenient choice is to measure the components normal or tangent to the hadron-hadron plane, i.e., the two transverse directions defined as e n = p 1 × p 2 /| p 1 × p 2 | and e t = p 2T /| p 2T |, and then average the value over azimuthal angle ϕ. In this case, the results are give by
It is interesting to see that the transverse polarizations just correspond to the structure functions of cos(ϕ σ − ϕ)-or sin(ϕ σ − ϕ)-terms. We also see that in this case S n T , S t LT and S nn T T are parity conserved, while the other three are parity violated.
From the above kinematic analysis results, we see that we can study the azimuthal asymmetries in the unpolarized case, or study the longitudinal hadron polarization in the helicity frame and transverse polarizations w.r.t. the hadron-hadron plane averaged over the azimuthal angle ϕ. By measuring these quantities experimentally we can obtain the information of the corresponding structure functions.
IV. PARTON MODEL RESULTS

A. Structure functions results in terms of TMD FFs
The above kinematic analysis results are model independent. We can also calculate the hadronic tensor using parton model so that the differential cross section is expressed using FFs. We make the calculations at leading order in pQCD but up to twist-3 level. Similar calculations for double polarized spin-1/2 hadron production has been investigated e.g. in [8] .
To this end, we need to consider the Feynman diagrams shown in Fig. 3 . The leading twist contribution comes from Fig. 3(a) . Twist-3 contribution comes from both Fig. 3(a) and Fig. 3(b) There are also three similar diagrams as Fig. 3(b) with the gluon attached to the quark line and the complex conjugate contribution, we do not show them here.
Corresponding to these Feynman diagrams, the hadronic tensor is written as W µν =W µν from Fig. 3(a) , we havẽ Corresponding to Fig. 3(b) , we have the twist-3 contributioñ
We see that the hadronic tensor is expressed by the quarkquark and quark-gluon-quark correlator. Substitute the correlator's decomposition results and carry out the trace, we get the hadronic tensor in terms of TMD FFs. Then making Lorentz contraction with the leptonic tensor, we obtain the cross section and by comparing with the kinematic analysis results, we will get the structure functions results in terms of the TMD FFs. Here, we directly show the structure functions results which have leading twist correspondence.
For the unpolarized part, we have where we have defined the convolution of the TMD FFs, e.g.,
and w is a dimensionless scalar weight function of k ⊥ and k ⊥ . Here, we introduce a second digital "1" in the structure function's subscript to denote it has leading twist correspondence. We note in particular that among the azimuthal angle dependent terms, only the cos 2ϕ term has twist-2 contribution due to Collins function [9] . For the longitudinal vector polarization dependent part, we have also three nonzero structure functions at twist-2 and they are very much similar to the unpolarized part, i.e.,
8)
For the transverse vector polarization dependent part, we have
We see that there are 6 non-zero transverse polarization dependent structure functions at twist-2, 4 of them are parity conserved and the other 2 are parity violated. For the tensor polarization dependent part, first of all, the S LL -dependent part is exactly the same as the unpolarized part. We only need to change the corresponding subscript to LL to get the results. The S LT -dependent part is very much similar to the S T -part. The main difference comes from parity, since S LT is a vector. The 6 non-zeros are given by
The S T T -dependent part is similar to the S LT -part but the weights are different, the results are
To summarize, we have in total 27 nonzero structure functions at leading twist level for e + e − → Z 0 → VπX process. These leading twist structure functions are all related to the 1 + cos 2 θ, cos θ and sin 2 θ angular distribution, which is a direct result corresponding to the parton level reaction e + e − → Z 0 → qq. The twist-3 level results can be found in the appendix of Ref. [2] .
B. Azimuthal asymmetries and hadron polarizations
From the parton model results of the structure functions we can easily derive the hadron azimuthal asymmetries and polarizations in terms of TMD FFs.
At leading twist and for unpolarized case, there is only one azimuthal asymmetry as given by Eq. (3.15), i.e., (here and in the following, the summation over quark flavor is implicit for the numerator and denominator) cos 2ϕ
, (4.29) this corresponds to the well-known Collins effect [9] and is the result oftransverse spin correlation. At twist-3, we have another two azimuthal asymmetries, i.e., cos ϕ
(1)
where
The cos ϕ asymmetry correspond to the well-known Cahn effect in DIS process [10] , and the sin ϕ asymmetry is the parity violating counterpart only appears in weak interaction process.
For hadron polarizations, we have the longitudinal polarization at twist-2 as
For the averaged transverse polarizations w.r.t. the hadronhadron plane, we have
.
(4.39)
We see in particular that these polarizations at leading twist can be divided into two categories, those depend on the quark polarization P q (y) i.e., λ , S t T , S n LT and S nt T T , and are parity violated, while the others are independent of quark polarization and are parity conserved.
At twist-3 level, there is no transverse polarization w.r.t. the hadron-hadron plane. However, four components i.e., S x T , S y T , S x LT and S y LT exist w.r.t. the lepton-hadron plane. It is also interesting to see that these transverse components also exist in the inclusive process e + e − → Z 0 → V X, we have
. We would like to point out that only S x LT is both space reflection and time reversal even, and has correspondence in inclusive DIS process. The other three are either space reflection or time reversal odd and should vanish in inclusive DIS process.
V. ENERGY DEPENDENCE OF HADRON POLARIZATIONS
We have seen from the above results that at leading twist the hadron longitudinal polarization or helicity λ depends on quark polarization, while S LL corresponds to vector meson spin alignment is independent of quark polarization. Since the quark polarization produced in the electroweak process can be calculated and have strong energy dependence, we expect that the hadron polarizations for this two cases would have very different energy dependence. Because there are some data on Lambda Hyperon longitudinal polarization [11] and K * meson spin alignment [12] at LEP, we take them as examples and calculate their energy dependences.
At leading twist, the Lambda Hyperon longitudinal polarization and K * meson spin alignment are given by [13] P We make a simple parameterization for the polarized FFs at Z 0 pole energy, and calculate the energy dependence, in which we have also considered the QCD evolution of the FFs. The results are shown in Fig. 4 . We see from Fig. 4(a) pends strongly on energy, it reaches maximum at Z 0 pole and drops significantly at other energies, and vanishes at low energy region. However, from Fig. 4(b) we see that ρ K * 00 changes little with energy, and still very large at low energies such as BELLE or BES. This prediction can be checked in future experiments, which may promote our understanding of the hadron polarizations and hadronization mechanism.
VI. SUMMARY
We give a complete decomposition of TMD FFs from quark-quark correlator for spin-1 hadron. A general kinematic analysis for e + e − → VπX is given, and the hadron azimuthal asymmetries and polarizations are expressed using the structure functions. We also give the parton model results for the structure functions, azimuthal asymmetries and polarizations up to twist-3. Numerical results of energy dependences of Hyperon longitudinal polarization and vector meson spin alignment are presented, and the results show significant differences between them.
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